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Abstract.  Scallop sarcoplasmic reticulum (SR), 
visualized in situ by freeze-fracture and deep-etching, 
is characterized by long tubes displaying crystalline ar- 
rays of Ca2+-ATPase dimer ribbons, resembling those 
observed in isolated SR vesicles.  The orderly arrange- 
ment of the Ca2+-ATPase molecules is well preserved 
in muscle bundles permeabilized with saponin. Treat- 
ment with saponin, however,  is not needed to isolate 
SR vesicles displaying a crystalline surface structure. 
Omission of ATP from the isolation procedure of SR 
vesicles does not alter the dimeric organization of the 
Ca2+-ATPase, although the overall  appearance of the 
tubes seems to be affected:  the edges of the vesicles 
are scalloped and the individual Ca:+-ATPase mole- 
cules are not clearly defined. The effect of Ca  :+ on 
isolated scallop SR vesicles was investigated  by cor- 
relating the enzymatic activity and calcium-binding 
properties of the Ca2+-ATPase with the surface struc- 
ture of the vesicles, as revealed by electron micros- 
copy. The dimeric organization of the membrane is 
preserved at Ca  2+ concentrations where the Ca  2+ binds 
to the high affinity sites  (half-maximum saturation at 
pCa •7.0  with a Hill coefficient of 2.1) and the Ca  2+- 
ATPase  is activated (half-maximum activation at pCa 
'~6.8  with a Hill coefficient of 1.84). Higher Ca  2+ con- 
centrations disrupt the crystalline surface array of the 
SR tubes, both in the presence and absence of ATP. 
We discuss here whether the Ca2+-ATPase dimer 
identified as a structural unit of the SR membrane 
represents the Ca  2÷ pump in the membrane. 
F 
RAGMENTED sarcoplasmic reticulum (FSR)' from the 
striated adductor muscle of the deep sea scallop Pla- 
copecten magellanicus has been used in electron mi- 
croscope investigations to determine the organization of the 
calcium pump protein (Ca2+-ATPase) in the membrane. Al- 
though scallop FSR shares many important similarities with 
the well-studied  rabbit  skeletal muscle  FSR,  scallop FSR 
differs in that extensive dimeric arrays of Ca2+-ATPase sub- 
units are observed in isolated preparations without exposure 
to vanadate or phosphate (Castellani and Hardwicke,  1983; 
Castellani et al., 1985; Ferguson et al., 1985). Studies of  the 
scallop sarcoplasmic reticulum (SR) in situ by examination 
of  fixed tissue sections show that it is located between the sar- 
colemma and the single myofibril of the adductor muscle 
cells  (Sanger, 1971; Nunzi and Franzini-Armstrong,  1981; 
Sanger and Sanger, 1985; Castellani et al., 1985). The scal- 
lop SR forms a system of tubes and cisternae, the latter often 
being associated with surface couplings to the sarcolemma 
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lum;  SR,  sarcoplasmic reticulum; TES,  N-tris(hydroxymcthyl)methyl-2- 
aminoethane-sulfonic acid. 
that resemble the triad structures in vertebrate cross-striated 
muscle (Nunzi and Franzini-Armstrong,  1981; Sanger and 
Sanger, 1985). Presumably the tubular structures in scallop 
FSR preparations represent relatively intact pieces of the na- 
tive SR. 
Exposure of rabbit FSR to vanadate induces formation of 
a  dimeric  arrangement  of Ca2÷-ATPase molecules  in  the 
membrane very similar to that seen in scallop SR (Dux and 
Martonosi,  1983a; Buhle et al.,  1983; Taylor et al.,  1984, 
1986). The effect  of  different ligands on the rabbit system was 
analyzed and Ca  2÷ was found to disrupt  the dimeric  array 
produced by vanadate (Dux and Martonosi,  1983b). Further 
studies  showed that  Ca  2÷ and  lanthanide  ions produce  an 
alternative monomeric  arrangement  of Ca2÷-ATPase mole- 
cules in rabbit SR (Dux et al., 1985). Recently, microcrys- 
tals of solubilized rabbit Ca2÷-ATPase have been grown in 
the presence of 20 mM Ca  2÷ (Dux et al., 1987; Pikula et al., 
1988; Taylor et al.,  1988). 
We have visualized the scallop SR in situ by freeze-fracture 
and deep-etching and have shown that the Ca~÷-ATPase mol- 
ecules are arrayed into orderly dimeric ribbons, confirming 
the membrane structure observed in isolated SR vesicles. We 
have also investigated by electron microscopy the effect of 
Ca  2÷ on isolated scallop SR vesicles using negatively stained 
and  freeze-dried,  rotary-shadowed  preparations.  A  close 
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of the Ca2+-ATPase molecules in the membrane and the en- 
zymatic activity of the Ca2+-ATPase in solution. Loss of di- 
meric organization was observed to occur together with the 
inhibition of the  Ca2÷-ATPase  activity  and the  binding  of 
Ca  2÷ to low affinity sites. 
Materials and Methods 
Preparation of FSR 
Live sea scallops (Placopecten magellanicus) were obtained from the Ma- 
rine Biological Laboratory, Woods Hole, MA. SR vesicles were prepared 
from  saponin-treated striated  adductor  muscle  essentially  according  to 
Castellani and Hardwicke (1983). An alternative isolation procedure, which 
involved the same purification steps but omitted treatment with saponin and 
ATE was also used. The last step of the purification procedure involving 
a discontinuous sucrose gradient was omitted when vesicles were to be used 
for electron microscopy. Protein concentrations were determined by the 
modified Lowry procedure of Bensadoun and Weinstein (1976). 
Ca  ~÷ Binding Studies 
Studies of Ca  2+ binding to scallop FSR were performed essentially accord- 
ing to Inesi et al. (1980) and Scofano et al. (1985), using the method of Hum- 
mel and Dreyer (1962).  8  x  0.7-cm columns of Sephadex G-50 (fine) were 
equilibrated at 220C  with solutions of 40/zM  [45Ca]C12, 80 mM KCI, 5 
mM MgCI:, 20 mM N-tris(hydroxymethyl)methyl-2-aminoethane-sulfonic 
acid (TES), pH 7.5, containing varying amounts of EGTA. Samples of scal- 
lop FSR (20 mg/mi) in 0.32 M sucrose, 0.1 M KCI, 0.1 mM CaCI2,  20 mM 
TES, pH 7.5, were loaded onto the columns and the excess Ca  2+ over base- 
line which eluted with the FSR fractions was taken as being bound. 
Ca2+-ATPase Activity 
Ca2+-ATPase activities were determined by a coupled assay (Warren et al., 
1974) in a medium of 100 mM KCI, 5 mM ATE 5 mM MgCI2,  0.5 mM 
phosphoenolpyruvate,  1  mM  EGTA,  0.26  mM  /3-NADH,  10  /~g  ml  -t 
oligomycin, 100 mM TES, pH 7.5, 10 U/ml of  pymvate kinase, and 20 U/ml 
of lactate dehydrogenase at 25"C with CaCI2  added to vary the pCa. 
Calcium Determination 
Standard CaCI2  solutions for Ca2+-binding  measurements were prepared 
by drying CaCO3  (Aldrich Chemical Co., Milwaukee, WI) overnight in an 
electric oven at 107°C,  storing over NaOH pellets in a desiccator, and dis- 
solving to a known volume in HCi. Total calcium in buffers was determined 
by the method of standard addition with an atomic absorption spectropho- 
tometer (model 475;  Varian Associates, Inc., Palo Alto, CA) used in the 
atomic emission mode. A stock Ca-acetate aqueous solution was used for 
electron microscopy. The free calcium and magnesium ion concentrations 
were calculated using a  program kindly  supplied by Dr.  P.  D.  Chantler 
(Department of Anatomy, The Medical College of Pennsylvania, Philadel- 
phia, PA), which uses a reiterative procedure (Chantler and Szent-Gy/~rgyi, 
1980).  In some samples for electron microscopy, the free-calcium concen- 
tration was kindly measured by Dr. Yale Goldman (Department of Physiol- 
ogy,  University of Pennsylvania,  Philadelphia,  PA),  using  a  calibrated 
Ca2+-sensitive  electrode. 
Electron Microscopy 
Whole Muscle.  For freeze-fracture, small bundles of muscle fibers, either 
fresh or after skinning with 0.1% saponin in relaxing solution (100 mM 
NaCl,  l0 mM EGTA,  8  mM MgSO4,  5  mM ATE  1 mM DTT,  20 mM 
TES, pH 7.0),  were fixed in 2 % glutaraldebyde in artificial sea water or 
relaxing solution. The fixed bundles were infiltrated with 30% glycerol for 
a minimum of 15 min, frozen in freon, fractured at -ll0*C, and unidirec- 
tionally shadowed with platinum at 45*. Other bundles were infiltrated in 
30% methanol, frozen, and fractured as described above, but deep-etched 
for 15 min at  -100*C and rotary-shadowed at 25 °. 
Isolated  Vesicles. SR vesicles were diluted (~1:30)  in  100  mM  Na- 
acetate,  1 mM Mg-acetate, 0.2 mM EGTA,  10 mM TES, pH 7.0, with or 
without the addition of 1 mM Mg-ATP. A drop Of suspension was placed 
on a 400-mesh carbon-coated grid for negative staining or on a  freshly 
cleaved sheet of mica for freeze-drying/rotary-shadowing.  The vesicles ab- 
sorbed onto these supports were washed for 1 min with the acetate buffer 
described above containing increasing amounts of Ca2+-acetate.  Longer in- 
cubations were carried out in solution. 
Figure 1.  Electron micrographs of freeze-fractured, unidirectionally shadowed, scallop striated muscle showing SR tubes. The tube in a 
displays both cytoplasmic and luminal leaflets and the one in b  only the luminal leaflet. The cytoplasmic leaflet is characterized by left- 
handed helical rows of particles (a), whereas the luminal leaflet shows the complementary pits, ordered within equally spaced right-handed 
grooves (a and b). The micrographs are shown in reverse contrast. Direction of shadowing from the top of the figure down. Bars, 35 nm. 
The Journal  of Cell Biology,  Volume 108, 1989  512 Figure 2.  Deep-etched,  rotary-shadowed  SR tubes  in  scallop striated  muscle.  (a)  Stereomicrographs  showing SR tubes  longitudinally 
oriented and characterized by a  regular array of Ca2÷-ATPase dimer ribbons on the cytoplasmic surface. (b) Detail of a  in stereo showing 
an SR tube split in half; rows of very small projections can be seen on the luminal surface (arrows). (c) SR tube at higher magnification; 
the dimeric organization of the Ca2+-ATPase molecules can be seen on the cytoplasmic surface.  Micrographs are shown in reverse con- 
trast.  Bars,  35  nm. 
The vesicles on the grids were stained with three drops of 1% aqueous 
uranyl acetate solution. The vesicles on the mica were treated with 2 % aque- 
ous uranyl acetate solution for 30 s and rinsed with water.  The final wash 
was dried to a thin film and the mica sheets were frozen in liquid nitrogen 
and loaded in a double replica holder. Rotary-shadowing with platinum was 
carried out at 25 °. Electron micrographs were recorded on a Philips 301, 
420,  or 410, and on a Joel  100B electron microscope. The 301,420,  and 
410 electron microscopes were fitted with an anticontamination device and 
calibrated using tropomyosin Mg2+-paracrystals  or catalase crystals. 
Results 
SR in Intact Muscle Fibers 
In the intact muscle fibers, the SR occupies a thin layer of cy- 
toplasm immediately beneath the plasmalemma. It is mostly 
in the form of uniform-size tubes, with a preferentially lon- 
gitudinal  orientation.  In  freeze-fracture  preparations  of 
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dried, rotary-shadowed SR tubes 
isolated in EGTA-containing so- 
lution in the absence (a and b) 
and  presence  (c)  of ATP. (a) 
Stereomicrographs  of SR tubes 
isolated from intact scallop stri- 
ated  muscle;  these  tubes  are 
characterized by a regular sur- 
face array of Ca2+-ATPase di- 
mer ribbons and scalloped edges. 
The tube  in b,  isolated  in the 
absence  of  ATP, shows  pro- 
nounced  grooves  between  the 
dimer ribbons,  but the individ- 
ual Ca2+-ATPase molecules  are 
not clearly identified. The tubes 
in  c,  isolated  from  saponin- 
skinned  scallop  muscle  in  the 
presence of  ATP, display straight 
edges and the individual  Ca  2÷- 
ATPase  molecules  are  clearly 
seen.  Microgmphs  printed  in 
reverse contrast.  Bars,  35 nm. 
saponin-skinned scallop fiber bundles,  the cytoplasmic and 
luminal leaflets of the split SR membrane show helically ar- 
ranged  rows  of particles  and  complementary pits,  respec- 
tively (Fig.  1).  The spacing of the grooves on the luminal 
leaflet of the fractured membrane corresponds to the center- 
to-center spacing between the dimeric rows on the cytoplas- 
mic surface. The fine elongated pits within the grooves cor- 
respond to the interdimer distance along the rows.  The in- 
tramembranous particles observed on the cytoplasmic leaflet 
encompass the width of the dimeric row and each particle 
covers the area occupied by up to two dimers.  The disposi- 
tion and size of these particles, however, are seldom regular 
over large distances,  suggesting that distortion of the prepa- 
ration occurs during fracturing. 
In deep-etched preparations, the exposed cytoplasmic sur- 
face of the SR tubes reveals the typical dimeric coupling of 
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Figure 4.  Ca2+-ATPase enzymatic  activity (u) 
and Ca  2+ binding property (e) of isolated scal- 
lop SR vesicles measured at various free Ca  2+ 
concentrations. Binding of Ca  2÷ to high affinity 
sites increases Ca2+-ATPase activity. The ATP- 
ase  activity  is  inhibited when  the  weak Ca  2+ 
binding sites are filled. 
the ATPase molecules, first described in the isolated vesicles 
(Fig. 2). Occasionally, when the tubes are split in half, rows 
of small projections running diagonally across the tubes can 
be seen on the luminal surface (Fig. 2 b). 
Effect of  ATP on Isolation of SR Vesicles 
Preparations of FSR isolated from scallop are made up of a 
mixture of round and  tubular vesicles characterized by a 
regular surface array of ribbons of Ca2+-ATPase dimers (cf. 
Castellani and Hardwicke, 1983). Although the standard iso- 
lation procedure of scallop FSR vesicles is done from sapo- 
nin-treated muscle strips with solutions containing ATP and 
EGTA (muscle in the relaxed state), vesicles isolated from 
intact fiber bundles in the absence of ATP also reveal the or- 
dered surface array of Ca2+-ATPase dimers  (Fig.  3).  The 
treatment of the muscle strips with saponin only affects the 
yield of SR vesicles obtained. The absence of ATE however, 
appears to affect the overall appearance of the tubes. These 
tubes  show  scalloped edges  and  pronounced grooves be- 
tween the ribbons of dimers (Fig. 3, a and b), whereas tubes 
isolated in the presence of ATP show straight edges, less pro- 
nounced  separation  beween  the  dimeric  rows,  and  clear 
definition of the individual Ca2÷-ATPase molecules (Fig. 3 
c).  These differences suggest that  in  the absence of ATP 
the Ca2+-ATPase molecules may undergo a conformational 
change so that the rows appear to be raised on the membrane 
surface. Exposure of these vesicles to ATP-containing solu- 
tions restores the typical appearance of control preparations. 
It should be noted that preparations without ATP are unstable 
upon storage unless trace amounts of Ca  2÷ are added. 
Ca2+-ATPase Activity and Ca  t+ Binding 
Standard  FSR  preparations  were  used  to  measure  Ca  2+- 
ATPase enzymatic activity and Ca  2+ binding. Half-maximal 
activation of the FSR ATPase occurs at 0.14/zM free Ca  2+ 
(pCa "~6.8) (Fig. 4). A Hill plot of the data gives a value of 
1.84 for the Hill coefficient, similar to that seen with FSR 
from rabbit skeletal muscle. At pCa values <5.0,  the Ca  2+- 
ATPase is progressively inhibited by Ca  2+. Thus, there are 
three sections to the curve: a region where increasing Ca  2+ 
concentration increases the activity (between pCa 8.0 and 
6.0), a plateau region, and, at pCa <5.0, a region where in- 
creasing Ca  2÷ concentration inhibits the ATPase activity. 
The Ca  2+ binding studies correlate well with the ATPase 
activity curve (Fig. 4). The high affinity Ca2+-specific bind- 
ing  sites  show  a  half-maximal  saturation  at  0.1  #M  free 
Ca  2+ (pCa '~7.0). The Hill plot for this region of the binding 
curve gives a Hill coefficient of 2.1.  At higher calcium ion 
concentrations (pCa values <5.0) the Ca  2+ binding curve in- 
dicates the presence of weak Ca  2+ binding sites. 
Effect of Ca  2÷ on SR Vesicles 
Incubation of SR  vesicles with  various concentrations of 
Ca  2÷ (pCa >16.4) in the presence of ATP for 1 rain does not 
affect the dimeric arrangement of the  Ca2÷-ATPase mole- 
cules on the surface of SR tubes (Fig. 5, a-c and g-i).  At 
pCa '~6.0 some tubes begin to show partial disruption of the 
ordered surface array (Fig. 5, d and j). The fully flattened 
tubes,  usually observed at lower free Ca  2÷ concentrations 
(cf.  Fig.  5, a-c and g-i), appear to be largely replaced by 
a population of partially flattened tubes (Fig. 5, d-f j, and 
k). In negative stained preparations they are characterized by 
a uniform stain distribution, as are the flattened tubes in the 
absence of Ca  2+, but show a fringe of projections embedded 
in a pool of stain along the edges, reminiscent of the one ob- 
served in stain-filled tubes (cf. Castellani and Hardwicke, 
1983). At pCa '~5.4 or below, the disrupting effect of Ca  2+ 
becomes more evident:  the  ribbons of dimers are clearly 
seen only in limited areas, and local "melting" of the mem- 
brane produces kinks along the tubes (cf. Fig. 5 k).  Occa- 
sionally, in small regions of the tube surface, single rows of 
ATPase  molecules are  observed.  Given the  size  and  the 
limted order of these regions, however, it is difficult to ascer- 
tain whether they represent true monomeric arrays. Increas- 
ing the time of incubation with buffer at pCa '~5.4 (Fig. 6, 
a-d) or the free Ca  2+ concentration (up to pCa  '~4.0) in- 
creases the disorder of the membrane surface array. More- 
Castel|ani  et  al.  Structure of Sarcoplasmic Reticulum  515 Figure 5. Negatively stained (a-f) and freeze-dried,  rotary-shadowed (g-k), isolated scallop SR tubes exposed to solutions containing  ATP 
and various free Ca  2÷ concentrations. Tubes in a-f were incubated for 1 min at pCa >8.0 (a), ,~6.9 (b),  ~6.4 (c), ,~6.0 (d), ~5.4 (e), 
and ,~4.0 (f). Tubes in g-k were incubated for varying times at selected pCas: >8.0 (g), ,'~6.4 for 1 min (h) and 24 h (i), '~6.0 for 22 h 
(j), and '~5.4 for 1 min (k). Note that at pCa ,~6.0 and below tubes appear less flattened and show a fringe of projections  (clearly visible 
in negatively stained tubes [e and f]). The ordered surface array of dimer ribbons is disrupted.  Micrographs  in g-k are shown in reverse 
contrast.  Bars,  35 nm. 
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ber of round vesicles is observed. 
The reversibility of the Ca  2+ effect was analyzed by incu- 
bation of the SR suspension at pCa '~5.4 with ATP for 1 h 
followed by overnight dialysis vs. EGTA-containing solution 
(Fig. 6). Under these conditions, the dimer ribbons, as well 
as the typical appearance of control preparations, are com- 
pletely regained (compare Fig. 6, a and e). Washing the sam- 
ple on the grid with EGTA-containing buffer for up to 5 min 
restores only in part the crystalline appearance, probably due 
to slow removal of Ca  2+ from the lumen of the tubes. 
The effect of Ca  2+ on SR vesicles was also tested in the 
absence of ATP (Fig.  7).  Exposure of vesicles to solutions 
at pCa ~6.0 or above for 1 min does not alter the dimeric 
array of Ca2+-ATPase molecules (Fig. 7, a-d).  Although the 
ribbons of dimers are pronounced, the individual Ca:+-ATP  - 
ase molecules do not appear as clearly defined as in the pres- 
ence of ATP (see Fig.  5 for comparison). The tubes begin 
to show loss of the crystalline array at pCa ~6.0 and below, 
in a manner similar to those washed with ATP-containing so- 
lutions. As the free calcium concentration increases (up to 
pCa *4.0) (Fig. 7, e and  f), the surface of the tubes becomes 
more disordered, although rows of Ca2÷-ATPase molecules 
are still visible in limited areas. Longer times of incubation 
did not essentially change the  range of sensitivity to free 
Ca  2+ of the Ca:+-ATPase  dimers. 
Discussion 
The SR in scallop striated muscle in situ is characterized by 
longitudinal tubes  with an ordered surface array of Ca  :÷- 
ATPase.  This crystalline appearance of the scallop SR re- 
sembles that observed in isolated scallop SR vesicles (Castel- 
lani and Hardwicke, 1983; Castellani et al., 1985; Ferguson 
et al., 1985) and in vanadate-treated SR vesicles from rabbit 
striated muscle (Dux and Martonosi,  1983a;  Taylor et al., 
1984).  In whole muscle the orderly arrangement of Ca  2÷- 
ATPase molecules is better preserved when the fiber bundles 
are fixed after permeabilization with saponin. Since saponin 
is known to perforate the surface but not the internal mem- 
branes of  various cell types (Endo and Iino, 1980), it is likely 
that the skinning procedure allows a more rapid penetration 
of  glutaraldehyde  while  the  presence  of  EGTA  ensures 
buffering of  any calcium that may escape the SR. The orderly 
arrangement of the Ca2+-ATPase is not dependent on treat- 
ment with saponin since crystalline SR vesicles can be iso- 
lated from scallop muscle strips  which have not been ex- 
posed  to  detergent.  In  addition,  skinning  of  vertebrate 
muscle fibers under the same conditions used for scallop 
muscle does not result in ordering of the SR Ca2+-ATPase 
(Ferguson et al.,  1985). 
The appearance of scallop SR in situ is quite different from 
that of SR in vertebrate muscles, where the tubules have a 
variable shape and the Ca:+-ATPase  is irregularly disposed 
on  the  surface  of the  membrane  (Peachey and  Franzini- 
Armstrong,  1983). Freeze-fractured preparations of scallop 
SR show a regular arrangement of intramembranous parti- 
cles and corresponding pits. The apparent size of these parti- 
cles  suggests  that  they  represent  up  to  four Ca:÷-ATPase 
molecules,  in  contrast  with  the  dimeric  surface  array  of 
the membrane. The regular spacing of the pits, however, is 
consistent with a dimeric grouping of the Ca2+-ATPase mol- 
ecules, suggesting that the size of  the intramembranous parti- 
cles may represent an artifact of the preparation. Correspond- 
ing images of SR from vertebrates reveal a  very irregular 
arrangement of particles showing barely visible pits on the 
luminal leaflet (cf. Franzini-Armstrong and Ferguson, 1985). 
Controversial interpretations of the  size of these particles 
have been reported in the literature (cf.  Scales and Inesi, 
1976;  Napolitano et al.,  1983). In contrast, isolated rabbit 
Figure 6.  Negatively stained 
SR tubes illustrating the effect 
of  exposure to pCa ~5.4 in the 
presence of ATP for increas- 
ing lengths of time and the ef- 
fect of reversal: tube in EGTA 
(pea >8.0) as control (a), se- 
lected tubes at pCa '~5.4 for 
15 rain (b), I h (c), overnight 
(d), and for 1 h followed by 
overnight dialysis vs.  EGTA- 
containing solution (e). Note 
that  the  disrupting  effect of 
Ca  2+ on the  surface array of 
the  SR  tubes  (b-d)  can  be 
reversed by removal of Ca  2+ 
(e).  Bar, 35 nm. 
Castellani et al. Structure ofSarcoplasmic Reticulum  517 Figure 7. Gallery of negatively stained SR tubes exposed for 1 rain to somnons wltlaout ATP at various free Ca  2÷ concentrations: pCa 
>8.0 (a), ~6.9 (b), '~6.4 (c), ,',,6.0 (d), '~5.4 (e), and ~4.0 (f). Note that the disrupting effect of Ca  2÷ begins in patches at pCa '~6.0 
and becomes more evident at lower pCas. Bar, 35 nm. 
SR,  in which the Ca2÷-ATPase is polymerized by exposure 
to vanadate, has freeze-fracture  profiles similar to scallop SR 
in situ (Peracchia et al.,  1984). 
Deep-etching of scallop muscle reveals regular arrays of 
ribbons of Ca2÷-ATPase dimers on the cytoplasmic surface 
of the SR tubes and rows of very small projections on the lu- 
minal surface. The precise relationship between the dimer 
ribbons and the rows of small projections observed on the lu- 
minal surface (see Fig. 2) is difficult to establish, given the 
differential amount of metal deposited on the two surfaces. 
These images, however, suggest that the Ca2÷-ATPase mole- 
cules span the lipid bilayer emerging into the luminal surface 
but do not project very far into the lumen. Three-dimension- 
al  reconstructions calculated  from negatively stained  iso- 
lated SR tubes do not show the ATPase molecules protruding 
into the lumen, although the exact position of the lipid bilayer 
cannot be clearly defined (Castellani et al.,  1985; Taylor et 
al.,  1986). 
The effect of Ca  2÷ on the scallop FSR was  analyzed by 
correlating the enzymatic activity and Ca  2÷ binding proper- 
ties  of the  Ca2÷-ATPase with  the  surface  structure of the 
vesicles at various Ca  2÷ concentrations. The Ca  2÷ activation 
curve for the Ca2÷-ATPase activity follows the Ca  2÷ binding 
curve closely at pCa values above 5.0, and both processes ex- 
hibit a Hill coefficient close to 2. This behavior is very simi- 
lar to that of rabbit skeletal muscle FSR (Inesi et al.,  1980; 
Hasselbach,  1983;  Martonosi,  1983; and for review see In- 
esi,  1985)  and  implies  that  Ca  2÷  is  bound  with  positive 
cooperativity to the outside of the vesicles. 
The inhibition of the Ca2÷-ATPase activity at pCa  '~5.0 
and below indicates the presence of low affinity inhibitory 
sites on a  catalytic intermediate form of the scallop Ca  2÷- 
ATPase. In the Ca2÷-ATPase from rabbit SR, however, the 
low affinity,  Ca  2÷ binding sites appear on the E2P form of 
the enzyme (Andersen et al.,  1985) and do not coexist with 
the high affinity sites on the same CaE+-ATPase molecule. 
Indeed,  the  transformation  of high  affinity,  Ca  2÷  binding 
sites on the E~  form of the enzyme to low affinity sites in 
the E2P form is the basis of several models of Ca  2+ translo- 
cation across the SR membrane (e.g., Tanford et al.,  1987). 
Thus, the low affinity sites detected in addition to the high 
affinity sites by 45Ca2+ binding to scallop SR do not repre- 
sent  the  specific  low  affinity  luminal  sites  of the  Ca  2÷- 
ATPase protein as such, but are accounted for by the binding 
of Ca  2÷ to the phospholipid component of the membrane. A 
similar picture has been suggested for the low affinity bind- 
ing of Ca  2÷ observed in addition to the high affinity binding 
with rabbit SR (Kalbitzer et al.,  1978). 
Electron microscopy of isolated FSR, visualized by nega- 
tive staining or by rotary-shadowing, reveals that, at calcium 
concentrations where  Ca  2+ binds  to the  high affinity sites 
and the Ca2*-ATPase is activated, the regular array of dimer 
ribbons is preserved. The overall appearance of the tubes, 
however, seems to be affected at pCa '~6.0 (presence of par- 
tially flattened tubes) suggesting possible rearrangement of 
the Ca2+-ATPase dimers within the membrane.  A  detailed 
structural analysis will be required to establish the exact na- 
ture  of these changes.  Monomeric Ca2*-ATPase  has  been 
found to be enzymatically active (Martin et al.,  1984; An- 
dersen et al.,  1985).  Radiation-inactivation analysis of SR 
vesicles has been interpreted to indicate that the Ca2+-ATPase 
is associated into dimers during the pumping cycle (Cham- 
berlain et al.,  1983), although this conclusion is still subject 
to uncertainty. The high degree of cooperativity observed in 
measurements of Ca  2+ binding at different pHs also suggest 
that the Ca  2+ pump is a dimer (Inesi et al.,  1980;  Hill and 
The Journal of Cell Biology, Volume  108, 1989  518 Inesi, 1982), in keeping with the electron microscopic struc- 
tural  studies presented here.  More recently,  studies on the 
CaZ+-ATPase catalytic  cycle  have  suggested  that,  although 
conformational changes of the pump protein are involved in 
the binding and dissociation of Ca  2+ and Pi, the occurrence 
of dimeric arrays induced by vanadate reflects a basic prop- 
erty of the Ca2÷-ATPase molecules rather than depicting an 
intermediate state of the cycle (Jorges-Garcia et al.,  1988). 
The role of the Ca2+-ATPase dimers observed in scallop SR 
when the Ca  2÷ pump  is activated may  therefore be that of 
providing an additional level of control to the functionally ac- 
tive monomer, possibly through an increase of cooperativity 
of Ca  z+ binding. 
The loss of crystallinity in the isolated scallop FSR tubes 
that begins  in  patches  at pCa  ~6.0  and becomes  evident 
when the pCa falls below 5 seems to occur independently of 
ATP.  These structural changes appear to correlate with the 
onset of low affinity,  Ca  2+ binding sites  measured  in solu- 
tion.  Monomeric  arrays  of  Ca2+-ATPase  are  observed  in 
rabbit SR at similar Ca  2+ concentrations, although only in a 
limited portion of the vesicles population and at slightly alka- 
line pH (Dux et al., 1985). The apparent differences between 
the observations described by Dux et al. (1985) and the ones 
presented here may possibly be attributed to the different pHs 
at which the experiments were carried out. Further studies 
are, however, required to explain these observations. It should 
also be  noted that many  investigations of liposome model 
systems provide evidence for interactions between Ca  2÷ and 
phosphatidylserine  (e.g.,  Hauser  et  al.,  1976;  Feigenson, 
1986).  Relatively  high  concentrations  of Ca  2+  have  been 
reported  to  be  necessary  for  significant  effects  on  model 
membranes  (e.g.,  Silvius  and  Gagne,  1984).  Thus,  it  is 
likely  that Ca  2÷ binding to the phospholipid component of 
the  SR,  rather  than  to  Ca  2+  binding  sites  on  the  Ca  2+- 
ATPase,  is  involved  in  some  of the  structural  effects  de- 
scribed. 
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